Abstract. The observed variation in the calcification responses of coccolithophores to changes in carbonate chemistry paints a highly incoherent picture, particularly for the most commonly cultured "species", Emiliania huxleyi. The disparity between magnitude and potentially even sign of the calcification change under simulated end-of-century ocean surface chemical changes (higher pCO 2 , lower pH and carbonate saturation), raises challenges to quantifying future carbon cycle impacts and feedbacks because it introduces significant uncertainty in parameterizations used for global models. Here we compile the results of coccolithophore carbonate chemistry manipulation experiments and review how ocean carbon cycle models have attempted to bridge the gap from experiments to global impacts. Although we can rule out methodological differences in how carbonate chemistry is altered as introducing an experimental bias, the absence of a consistent calcification response implies that model parameterizations based on small and differing subsets of experimental observations will lead to varying estimates for the global carbon cycle impacts of ocean acidification. We highlight two pertinent observations that might help: (1) the degree of coccolith calcification varies substantially, both between species and within species across different genotypes, and (2) the calcification response across mesocosm and shipboard incubations has so-far been found to be relatively consistent. By analogy to descriptions of plankton growth rate vs. temperature, such as the "Eppley curve", Correspondence to: A. Ridgwell (andy@seao2.org) which seek to encapsulate the net community response via progressive assemblage change rather than the response of any single species, we posit that progressive future ocean acidification may drive a transition in dominance from more to less heavily calcified coccolithophores. Assemblage shift may be more important to integrated community calcification response than species-specific response, highlighting the importance of whole community manipulation experiments to models in the absence of a complete physiological understanding of the underlying calcification process. However, on a century time-scale, regardless of the parameterization adopted, the atmospheric pCO 2 impact of ocean acidification is minor compared to other global carbon cycle feedbacks.
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A. Ridgwell et al.: From laboratory manipulations to Earth system models "ocean acidification" (Caldeira and Wickett, 2003) . The consequence of lowering the concentration of carbonate ions (CO 2− 3 ) in ocean waters is that the saturation state of the mineral calcium carbonate (CaCO 3 ), defined:
(where K sp is a solubility constant) is reduced. This is important because the lower the saturation state, the thermodynamically less favorable it is for calcification to take place, and for < 1.0, CaCO 3 will tend to dissolve. The strong coupling between increasing pCO 2 , and decreasing pH and holds for societally relevant (order 100-1000 year) timescales. (We will often adopt the short-hand of "CO 2 " in this manuscript when we mean the full range of coupled aqueous carbonate chemistry changes). Beyond a few millennia, buffering of ocean chemistry by dissolution of carbonates in deep-sea sediments and rock weathering on land progressively alters the relationship between these three parameters and ultimately, on million year time-scales and beyond, pH and are effectively decoupled (Ridgwell, 2005) .
Concerns were raised in the late 1990s that reductions in surface ocean pH, CO 2− 3 , and carbonate saturation resulting from the uptake of fossil fuel CO 2 from the atmosphere might adversely affect the ability of marine plankton such as coccolithophorids and foraminifera to produce calcium carbonate shells (Wolf-Gladrow et al., 1999) . The wide availability of physiologically well characterized strains of calcifying phytoplankton in long-term culture enabled the impact of ocean acidification to be tested. Early laboratory experiments carried out on the most abundant modern species of coccolithophorid, Emiliania huxleyi, in which the pH of the growth medium was decreased by addition of acid, produced varying calcification responses (Buitenhuis et al., 1999; Nimer and Merrett, 1993) . However, the chemical conditions used in these manipulations often deviated substantially from either modern or possible future geochemistry. Subsequent laboratory experiments using E. huxleyi manipulated pH to simulate a more "realistic" range of glacial and future CO 2 changes, and showed a clear overall decrease in carbonate production across low pH treatments compared to the control (i.e., current ocean pH) together with the occurrence of malformed liths (calcium carbonate plates) (Riebesell et al., 2000; Zondervan et al., 2001 ). This result was consistent with contemporary ship-board experiments in the NE Pacific conducted with either acid/base additions or CO 2 bubbling and which also showed a clear decrease in calcification at elevated CO 2 (Riebesell et al., 2000) .
More recent experiments carried out on E. huxleyi, both in the laboratory (Feng et al., 2008; Sciandra et al., 2003) and in mesocosms (Delille et al., 2005; Engel et al., 2005) generally supported a strong and detrimental impact of ocean acidification on phytoplankton calcification. Studies of the relationship between coccolithophore assemblages and ocean geochemistry also provide evidence of a relationship between coccolithophorid calcification and carbonate chemistry (e.g., Cubillos et al., 2007; Tyrell et al., 2008; Beaufort et al., 2008) .
However, in a series of very recent laboratory experiments, Iglesias-Rodriguez et al. (2008a) and Shi et al. (2009) report quite the opposite response to many previous experimentsincreased rather than decreased calcification at higher ambient CO 2 (and lower pH and ). Even when normalized to cellular POC production ) the response is qualitatively very different (Table 1) . Interspecific variability in the CO 2 -sensitivity of calcification has also previously been documented. For example, Coccolithus pelagicus and Calcidiscus leptoporus grown in laboratory mono-cultures exhibit no consistent trend in calcification as a function of CO 2 (Langer et al., 2006) , while Gephyrocapsa oceanica, a genetically very similar species to E. huxleyi, responds with a very substantial decrease in calcification at high CO 2 conditions (Riebesell et al., 2000; Zondervan et al., 2001) .
It is important to resolve this apparent incongruence in calcification responses to simulated ocean acidification if we are to draw reliable implications from experimental manipulations regarding expected future ocean acidification impacts on marine ecosystems. A strong CO 2 -dependence of calcification rates has implications for ocean carbon cycling and would provide a negative feedback on atmospheric CO 2 increases (Ridgwell et al., 2007b; Zondervan et al., 2001 ) since calcification decreases seawater alkalinity and releases CO 2 from bicarbonate (HCO − 3 ) in the upper ocean. Changes in the production of biogenic CaCO 3 minerals at the ocean surface could potentially also affect the transport of particulate organic carbon (POC) to depth (Armstrong et al., 2002; Klaas and Archer, 2002) and act to increase atmospheric CO 2 via a reduction in the efficiency of the biological pump. Global carbon cycle models used for projecting future global carbon cycle changes must account for observed phenomena and base their parameterizations for calcification closely on such results (e.g., Gehlen et al., 2007; Heinze, 2004; Hofmann and Schellnhuber, 2009; Ridgwell et al., 2007a, b) , and these model predictions will be unreliable if rooted in unrepresentative or misunderstood laboratory observations. In addition to potential calcification impacts, higher ambient concentrations of dissolved CO 2 and acidification have been observed in the laboratory to result in a greater production of organic matter per cell in phytoplankton (Riebesell et al., 2007; Bellerby et al., 2007; Zondervan et al., 2002) . Increased photosynthetic fixation of carbon and subsequent removal from surface waters as sinking particulate organic matter would decrease the concentration of dissolved CO 2 at the ocean surface and thus accelerate the uptake of fossil fuel CO 2 from the atmosphere. However, for the strength of the biological pump to be increased there must be sufficient nutrients. A commensurate decrease in the amount of nitrogen and phosphorus required per unit quantity of carbon fixed would facilitate this as it would allow nutrients to be utilized more "efficiently", an effect that the results of mesocosm ification response curve with no consistent trend with CO2. Experimental carbonate chemistry modification was qualitatively very ct of increased CO2 alone and some treatments had very low DIC, questioning its applicability to future conditions in the ocean.
nt alkalinity experiment, which was the only manipulation similar to the effect of future CO2 addition. However, alkalinity used ly about half that found in the modern open ocean, questioning its applicability.
), "high" ( alcification response curve with no consistent trend with CO2. Experimental carbonate chemistry modification was qualitatively very ffect of increased CO2 alone and some treatments had very low DIC, questioning its applicability to future conditions in the ocean.
stant alkalinity experiment, which was the only manipulation similar to the effect of future CO2 addition. However, alkalinity used ) classification, with "medium" representing an approximate halving (or doubling) of calcification in resposne to a ca.
×2-3 increase in CO 2 . Red represents a decrease in calcification in response to higher CO 2 (lower pH), while blue ( experiments support (Riebesell et al., 2007; Bellerby et al., 2007) . However, additional feedbacks as nutrient-to-carbon ratios change may also become important and limit productivity (Thingstad et al., 2008) . Because current uncertainties of acidification impacts on cellular organic matter composition are large and no global models yet routinely incorporate this effect in predicting future atmospheric CO 2 concentrations, we focus on the better studied consequence of ocean acidification for calcification.
In this paper we summarize and assess the current state of knowledge provided by experimental manipulations of coccolithophores (Sect. 3) and outline a thought experiment to help interpret apparently conflicting experimental observations and guide model development and their future projections (Sect. 4). We start with an overview of the importance to atmospheric CO 2 of ocean acidification impacts on pelagic (coccolithophore) calcification and how this is currently treated in models (Sect. 2), and end with some conclusions and perspectives (Sect. 5).
Global carbon cycle impacts of ocean acidification in models
By precipitating calcium carbonate (CaCO 3 ) from sea-water, marine organisms play an active role in regulating the global carbon cycle and thus climate system. In the net chemical reaction for creating carbonate shells and skeletons:
dissolved inorganic carbon in seawater, in the form of the bicarbonate ion (HCO − 3 ) which itself cannot interact directly with the atmosphere, is converted into dissolved CO 2 (CO 2(aq) ) as a consequence of the removal of alkalinity (as Ca 2+ ) during calcification. Although it is carbonate ions (CO 2− 3 ) that are incorporated in the CaCO 3 crystal lattice, because there is continuous re-equilibrium between the different species of the aqueous carbonate system, Eq. (2) is as equally valid as writing the alternative: Ca Wolf-Gladrow et al., 2007) , and the ultimate re-equilibrated carbonate state after calcification (higher CO 2(aq) , lower HCO − 3 and CO 2− 3 ) will be the same. Conversely, reducing the rate of calcification globally would reduce surface [CO 2(aq) ] and hence increase the uptake of CO 2 from the atmosphere. In the example of fossil fuel emissions and increasing atmospheric pCO 2 , changes in calcification may provide a negative feedback on climate change.
There is a second reason for correctly representing the carbonate production response to ocean acidification in models -because mineral CaCO 3 is much denser than the soft body parts of plankton, the presence of CaCO 3 in aggregates with organic matter may be important in accelerating the rate of sinking of particulate organic carbon (POC) (Armstrong et al., 2002; Klaas and Archer, 2002) . In this "ballast hypothesis", any reduction in calcification by plankton at the ocean surface would increase the time that POC was suspended in the warm upper ocean and increase the likelihood of its being consumed by the more numerous and more active bacteria present there (Turley and Mackie, 1994) . A reduction in the efficiency of the biological pump and hence transport of POC to depth would thus create a positive feedback on rising atmospheric CO 2 .
Only a few global models have so far been applied to quantifying the importance of changing pelagic carbonate production on the oceans ability to sequester CO 2 . Although the CO 2 -calcification feedback was initially assessed in box models (Barker et al., 2003) , the first ocean GCM to account for this effect was the HAMOCC model (Six and MaierReimer, 1996) , in which Heinze (2004) parameterized the net ecosystem CaCO 3 :POC export ratio (R CaCO 3 /POC ) as a function of the ambient CO 2(aq) concentration ([CO 2(aq) ]):
where CO 2 is the current CO 2(aq) concentration (µmol l −1 ), CO 2(0) is preindustrial [CO 2(aq) ], and R CaCO 3 /POC max is assigned a value of 0.15. (Further modifications are made in the model to R CaCO 3 /POC according to inferred diatom productivity.) The strength of the relationship between CaCO 3 :POC and [CO 2(aq) ] was taken directly from the E. huxleyi carbonate chemistry manipulation response reported by Zondervan et al. (2001) . Gehlen et al. (2007) , in the ocean GCM/biogeochemical model OCM-PISCES (Gehlen et al., 2006) , generalized their parameterization of the CO 2 -calcification response by including the newly available results of mesocosm experiments (Delille et al., 2005) in addition to laboratory manipulations (Zondervan et al., 2002) . For the form of the empirical fit to the observed data, Gehlen et al. (2007) assumed a hyperbolic function for their parameterization, akin to the Monod equation relating phytoplankton growth to nutrient concentrations:
where R CaCO 3 /POC max = 0.8, c is the ambient saturation state with respect to calcite, and K max is assigned a value of 0.4. Ridgwell et al. (2007a, b) utilized established abiotic precipitation kinetics as the basis for their description of marine carbonate production, in an equation of the form:
where η is a power setting the non-linearity of the calcification response to changes in ambient saturation state and R CaCO 3 /POC 0 the base CaCO 3 :POC export ratio. In Ridgwell et al. (2007b) , the implications of a range of potential values for η were considered, spanning available observations from a variety of different experimental manipulations, while requiring consistency with observed ocean geochemical patterns. The central estimate was with η = 0.81.
Finally, in a recent study, Hofmann and Schellnhuber (2009) incorporated the box-model parameterization of Barker et al. (2003) into the ocean-atmosphere-sea ice-biogeochemistry model "POTSMOM-C" (Hofmann and Schellnhuber, 2009 The predicted additional quantity of fossil fuel CO 2 taken up by the ocean ( CO 2 ) by the year 2100 due to reduced calcification across the different ocean-carbon cycle GCMs ranges from 5.9 to 23.4 PgC (Fig. 1a) . Some of this spread is due to methodological differences, as three of the studies use varying CO 2 emissions scenarios while Gehlen et al. (2007) take a different approach entirely and prescribe an atmospheric pCO 2 trajectory. Making the model comparison at a single point in time (year 2100) means that atmospheric pCO 2 differs somewhat between the models. In contrast, making a comparison when a particular value of pCO 2 has been reached would mean that calcification will have been suppressed for longer in some models than in others, which will also influence CO 2 (Ridgwell et al., 2007b) . Either way (normalizing to year, or normalizing to pCO 2 reached), the spread in model CO 2 predictions appears to be approximately a factor of 4. However, other aspects of global models also differ, such as parameterizations of CaCO 3 dissolution in the water column, and the initial state of ocean circulation its response to global warming etc. Of particular relevance here is the fact that initial global CaCO 3 export is not consistent across models (and differs by a factor of 2). Hence, even if the relative pelagic calcification response was the same in each model, the absolute change in the strength of CaCO 3 export and marine carbonate cycling and thus CO 2 would differ. Normalizing CO 2 to initial global CaCO 3 export production reduces the inter-model spread of CO 2 uptake response to a little over a factor 2 (Fig. 1b) .
Much of the residual CO 2 variability between models is likely to reflect differences in the assumed sensitivity and non-linearity of model carbonate production to ocean acidification. In constructing the CO 2 -calcification parameterizations, each model was informed by different sub-sets of available experimental observations, giving 4 different interpretations of the form of the ocean acidification response (Eqs. 3-6). We are left asking: How important is the uncertainty in the sensitivity of the calcification response to ocean acidification to estimates of future ocean CO 2 uptake (parameter uncertainty)? And: is the chosen form (i.e., equation) of the calcification dependence (i.e., model structural Model predictions for the increased CO 2 uptake by the ocean ( CO 2 ) by the year 2100 due to reduced calcification. The error bars for the estimate of Ridgwell et al. (2007b) reflect the spread of the model ensemble. Note that the assumed CO 2 emissions or atmospheric concentration trajectory differ somewhat between studies and there is no consistency between the studies as to whether climate feedbacks are included or not, although all are loosely "business as usual". However, the basic results are unchanged if CO 2 is instead calculated for an atmospheric pCO 2 of ∼1150 µatm. Shown for comparison is the estimated 2000-2005 rate of fossil fuel consumption and cement production (7.2±0.3 PgC yr −1 ) (Denman et al., 2007) . Also shown is an estimate of the year 2100 strength of the ocean carbon cycle feedback to climate change -the additional CO 2 remaining in the atmosphere due to ocean surface warming and changes in circulation but excluding any change in carbonate production using the 16 ocean level GENIE-1 Earth system model (see Cao et al., 2009 for model description and experimental design). However, it should be recognized that this estimate is just part of the overall CO 2 -climate feedback as it excludes any terrestrial biosphere response which is more important again ( uncertainty) important? Some insight into the sources of predictive uncertainty can be made using a single model and parameterization, but with an ensemble of differing model CO 2 -calcification sensitivities accounting for the broad range of calcification responses observed in laboratory manipulation experiments. In just such a modeling exercise, the predictions of enhanced year 2100 CO 2 uptake were found to span 5.4 PgC to 25.7 PgC, with an ensemble mean of 17.2 PgC (Ridgwell et al., 2007b ). This range is comparable to that of the variability between different models, suggesting that the uncertainty in species calcification response and their relative importance for carbonate production globally is likely dominating the overall uncertainty in model predictions of fossil fuel CO 2 uptake by the ocean (Fig. 1) . This simple over-view ignores the question of mineral ballasting of particulate organic matter transport as fewer still global ocean models have assessed CO 2 -calcification together with "ballasting". For instance, Hofmann and Schellnhuber (2009) found a ∼6 PgC (27%) reduction in CO 2 due to reduced CaCO 3 ballasting. Other studies have hinted that as much as 80% of the CO 2 -calcificiation feedback could be negated (Heinze, 2004) , while Barker et al. (2003) predicted a reversal is possible, with more fossil fuel CO 2 overall residing in the atmosphere, i.e., a negative value for CO 2 . However, the importance of mineral ballasting in the transport of organic matter to depth is currently highly uncertain (Francois et al., 2002; Passow and De La Rocha, 2006) . In addition, we have discussed only marine carbonate production by coccolithophore phytoplankton. Up to 50% of the modern pelagic carbonate production globally may instead be by calcifying zooplankton -foraminifera, while aragonite shell producing pterodpods are thought to contribute at the ∼10% level (Schiebel, 2002) . But we will focus here on coccolithophores, who have the more developed (however currently incomplete) laboratory characterization.
Reconciling observed coccolithophorid manipulation responses
The potential carbon cycle roles and feedbacks with climate involving the production and fate of calcite liths requires that we better constrain the magnitude of the response. To this end, and to help make better sense of experimental observations and improve model parameterizations, we have compiled the pertinent details of available coccolithophorid manipulations and their differing calcification responses to elevated CO 2 and lower pH and carbonate saturation (Table 1) . While irradiance levels and nutrient regime may vary substantially between experiments and potentially be important , we will concentrate in this paper on: species (and strain), experimental design, and chemistry manipulation. Because there is neither a common baseline CO 2 concentration that is used across all experiments, nor consistent degree of acidification (or CO 2 concentration increase/decrease) in the experimental manipulation, or even a single unit for reporting calcification, we have deliberately characterized the calcification response qualitatively rather than quantitatively, as described in Table 1 .
This compilation can firstly be used to test the explanation proposed by Iglesias-Rodriguez et al. (2008a, b) -that the difference between the chemical manipulations performed is critical, with direct acid/base chemistry manipulation (e.g., Riebesell et al., 2000; Zondervan et al., 2001) inducing an erroneous response to ocean acidification compared to CO 2 bubbling (e.g., Iglesias-Rodriguez et al., 2008a (Buitenhuis et al., 1999; Paasche, 2002) .
The carbonate parameters resulting from CO 2 bubbling (changing total dissolved carbon, DIC) to a target pCO 2 ([CO 2(aq) ]) compared to acid/base addition (changing alkalinity, ALK) to either explicitly match the pCO 2 target or replicate the pH change achieved by bubbling, are summarized in Table 2 . We argue that the differences in carbonate parameters between the different manipulations are not critical. For instance, going from pre-industrial like conditions (278 ppm) to approximately year 2100 CO 2 (twice modern, 780 ppm) produces a 17% increase in HCO − 3 concentrations by CO 2 bubbling, and about half this with acid/base addition, while all other carbonate parameters are very comparable between manipulation methods (and see Schulz et al., 2009 ] (pH) are important, experimental bias will be minimal. The generation of a reversed response seems unlikely. Indeed, recent laboratory experiments performed on E. huxleyi (strain: PLY M219) in which carbonate chemistry was performed by both CO 2 bubbling and acid/base addition, found no observable difference in the response (Shi et al., 2009 ).
Considering all reported coccolithophorid observations and associated experimental details (Table 1) , there is no evidence of any systematic correlation between the direction of calcification response under simulated future conditions and type of chemical manipulation. Furthermore, shipboard incubations in which chemical manipulation was carried out by both methods exhibit similar suppressions of carbonate production at higher CO 2 (Riebesell et al., 2000) . Thus, we rule out the possibility of a consistent methodological bias between CO 2 bubbling and acid/base addition that produces [H 4 SiO 4 ], and were made using the "CO2SYS" program (Lewis and Wallace, 1998) , with K 1 and K 2 from Mehrbach et al. (1973) as refit by Dickson and Millero (1987) and K SO 4 from Dickson (1990) .
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Numbers in italics assume ALK is changed in order to match the pCO 2 change by CO 2 bubbling. Shi et al. (2009) .
Some of the degree of apparent disparity between experiments may be an artifact of commonly reported units for calcification (e.g., CaCO 3 per cell) and normalizing CaCO 3 production to POC production produces greater consistency between experiments , with no study reporting significantly increased CaCO 3 /POC with ocean acidification (Table 1) . Assuming no change in nutrient supply or nutrient utilization (but see e.g., Riebesell et al., 2007; Bellerby et al., 2007 ) the value of CaCO 3 /POC rather than CaCO 3 per cell is more helpful to estimating impacts on global carbonate production. Indeed, in global models (Sect. 2) it is always the CaCO 3 /POC ratio that is parameterized (e.g., as a function of carbonate chemistry) rather than CaCO 3 production explicitly. However, in normalizing the ocean acidification calcification response to CaCO 3 /POC it is noticeable there is a disparity between monospecific laboratory culture experiments and shipboard manipulations of diverse assemblages, with generally increased POC production in the former (e.g., Iglesias-Rodríguez et al., 2008; Riebesell et al., 2000; Shi et al., 2009 ) and reduced in the latter (Riebesell et al., 2000) , although some culture experiments also show reduced POC at higher pCO 2 (e.g., Sciandra et al., 2003) . Potentially, the shipboard manipulation experiments encapsulate a community-wide response of POC production across the plankton assemblage. Alternatively, the more nutrient limiting conditions of natural seawater samples compared to the nutrient replete conditions of laboratory cultures may be important in determining the sign of the POC response to ocean acidification. Notable in our compilation are differences in the strain of E. huxleyi used. Given that different investigators have used different strains of E. huxleyi (Table 1) , much of the incongruence between observed responses across studies could result from differing ecological adaptation (ecotypes). Additionally, the strains used have been in culture for differing periods ranging from several years to decades and may have partially adapted after capture to the chemical conditions in the stock medium which are significantly different from sea water. Thus, the intra-species variability across experiments on E. huxleyi may be analogous to less controversial interspecific variability that has been reported amongst obviously different species (e.g., Langer et al., 2006) .
The coccolithophore E. huxleyi is in fact thought to be a "species complex", encompassing a wide range of genotypic variation. This is suggested by the extraordinarily broad ecological and biogeographic distribution of the species, and by its morphological variability (Paasche, 2002) . This inference has been supported by a range of culture experiment work, (e.g. Brand, 1982; Young and Westbroek, 1991) , and molecular genetic studies (Schroeder et al., 2005; IglesiasRodríguez et al., 2006) . It is now conventionally recognized that E. huxleyi includes at least five morphologically discrete varieties or sub-species (Young et al., 2003) . However, it is likely that this is a gross simplification since both field and culture observations reveal considerably more variability. As illustrated in Fig. 2 , the observed degree of calcification of coccoliths, both in the field as well as in culture under similar environmental conditions, varies substantially. At least visually, the natural variability present between different strains appears equal to or exceeds that due to culturing experiments under varying pCO 2 (e.g., Riebesell et al., 2000) . Arguably we should regard E. huxleyi as a diverse assemblage of genotypes with highly variable calcification characteristics and ecological adaptations. The substantial variability in degree of calcification between genotypes suggests that future changes in genotype assemblage could be important.
4 The "Eppley Curve" as a thought experiment for the pelagic calcification response to ocean acidification Individual phytoplankton species generally exhibit a pronounced growth response curve to temperature; with a growth rate maximum (µ max ) corresponding to optimum conditions and lower growth under the sub-optimal conditions either side of this. It would be impossible to represent explicitly this behavior in all plankton species individually in global ocean carbon cycle models, so instead the temperature response at the ecosystem or "functional type" (Le Quéré et al., 2005) level is simulated. In this respect, Eppley (1972) noted that given a sufficiently large species sample size, the envelope of the individual growth-temperature response curves could be delineated by a simple function of temperature ( Fig. 3) : (Eppley, 1972) . Or more commonly -writing growth rate in units of per day (d −1 ): (Bissinger et al., 2008) , the difference being a factor of ln(2) (Moisan et al., 2002) . This equation encapsulates the progressive transition in dominance amongst different plankton species as a function of changing temperature. The Eppley curve thus negates the need to resolve the potential presence and specific characteristics of a myriad of individual species, by instead focusing on the community level response. As a result, the Eppley function has found favor in many global carbon cycle and ecosystem models for predicting phytoplankton growth rates (e.g., Aumont et al., 2003; Schmittner et al., 2008; Six and Maier-Reimer, 1996) and recent re-analyses based on larger data-sets have not led to any significant change in the details of this equation (Bissinger et al., 2008) . However, it should be noted that the accuracy of this approximation becomes somewhat degraded in conditions of rapid species transition and dominance such as during a spring bloom (Moisan et al., 2002) or the dynamically varying environment of estuaries (Brush et al., 2002) , while the temperature dependence of photosynthetic rates and chlorophyll concentrations in surface waters is better described in alternative ways (Behrenfeld and Falkowski, 1997) .
We suggest that drawing parallels with the net calcification of a community as a function of carbonate chemistry may be instructive. In particular, we hypothesize that a shift in ecosystem composition between species (or sub-species) with differing degrees of calcification is important and may dominate over the calcification response of any one particular species to changes in carbonate chemistry (illustrated in annotations to Fig. 3) . The apparently increased sensitivity of carbonate production of natural assemblages relative to laboratory cultures (Table 1, Ridgwell et al., 2007b) an amplification of acidification impacts on carbonate production via changes in the species and ecotype composition of calcifying phytoplankton assemblages, in addition to direct physiological impacts on the calcification of individual species. The responses observed in the few shipboard incubations (Riebesell et al., 2000) and mesocosm experiments (Delille et al., 2005; Engel et al., 2005) carried out to date, all manipulations with comparatively complete natural plankton assemblages, also appear highly consistent in showing substantial decrease in community carbonate production at higher CO 2 and lower saturation (Table 1) . Furthermore, the co-variation between saturation state and morphotype of E. huxleyi observed across the subantarctic and Polar Fronts in the Southern Ocean, with less heavily calcified ecotypes dominant at lower saturation state is consistent with our model (Cubillos et al., 2007) . In addition, Tyrell et al. (2008) argued that the absence of E. huxleyi in the Baltic but presence in the Black Sea cannot be explained by salinity or temperature but could be a result of calcite saturation state, while Beaufort et al. (2008) Cubillos et al. (2007) and raises the possibility of succession by less heavily calcified ecotypes in the open ocean in the future.
With respect to the Eppley curve -whether any particularly close analogy holds is difficult to say. For temperature and growth rate, sampling just a few species taken from differing environments creates the potential for conflicting experimental observations, depending upon the position of the experimental growth position relative to the species optimum (i.e. above or below). It is thus possible to identify a temperature at which the optimum of a cold-adapted species is exceeded; leading to slower growth rates with increasing temperature, while a warm-adapted species exhibits increased growth rates with increasing temperature (temperature below the optimum). Could this help explain the apparently conflicting positive vs. negative observed calcification response? Unfortunately, there is currently only a small sample size available and only in a single experiment carried out across future-relevant carbonate chemistry changes has a clear calcification "optimum" been observed (Langer et al., 2006) (Table 1 ) -the remainder of the data-set, at best, is sampling incomplete portions of an optimum curve which must then be generally broad. Why an environmental optimum for calcification should even exist is also not as obvious as for growth vs. temperature, particularly in why calcification should decline for pH or saturation higher than the optimum. Instead, if carbonate chemistry changes affect growth rate with the relative impact differing with some relationship to the degree of calcification (as discussed above with respect to 2 different strains of E. huxleyi), then a closer analogy with the Eppley curve might exist. Clearly, improved process understanding of the calcification mechanisms at work, the "purpose" of making liths, and the cellular cost of their production, is required to be able to judge the degree to which analogy with the Eppley curve can helpfully be made.
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Conclusions and perspectives
The integrated ocean carbon cycle response as imprinted on the ocean alkalinity field may not be observable any sooner than ca. 30 years from now (Ilyina et al., 2009) . While historical and deeper-time geological studies may help quantitatively link ecosystem-level calcification impacts to ocean acidification, laboratory studies will continue to provide key information on the range of potential responses of different ecotypes and on the mechanisms by which changes occur in response to changes in carbonate chemistry. This will be essential in refining the structure of models through better process based understanding of individuals physiology. However, the extraordinary diversity in calcification behavior and environmental sensitivity exhibited by different ecotypes (e.g., of E. huxleyi) make laboratory studies with monospecific cultures prone to producing conflicting results and model studies must avoid basing parameterizations on small subsets of experimental observations. Because the results of single strain studies are far removed from the net impact of higher CO 2 (lower pH and saturation) on diverse, natural assemblages in-situ, mesocosm experiments and shipboard manipulations carried out in a variety of oceanic regions are essential to improving our predictive capabilities of ecosystem level behavior and net community calcification. Indeed, in the shorter-term, such studies may more readily inform practical relationships between carbonate production and ocean chemistry in global models.
With regards to the type of experimental manipulation, we find no evidence that it impacts an experimental bias. However, Shi et al. (2009) noted poorer experimental reproducibility due to the mechanical agitation of the cultures under bubbling, while the addition of pH buffers might affect trace metal speciation and hence availability. It is interesting that the different chemistry manipulations find some parallel with natural ocean chemistry changes occurring on differing time-scales. The decadal to century-scale time-scale of emissions and subsequent surface water dissolution and ocean invasion of fossil fuel CO 2 is closest to bubbling because the dominant buffering is internal to ocean surface aqueous carbonate system. However, on a thousand to ten thousand year time-scale, once CO 2 dissolved at the surface has been mixed to depth in the ocean, lower saturation drives an increased dissolution of CaCO 3 in deep-sea sediments in a reverse of the precipitation reaction (Eq. 2): and hence neutralizing some of the CO 2 acidity. Further buffering of ocean chemistry and atmospheric pCO 2 is provided by imbalances induced between weathering of limestone and chalks (CaCO 3 ) on land and suppressed CaCO 3 burial in the ocean (Archer et al., 1997; Ridgwell and Zeebe, 2005) . Geological events such as the glacial-interglacial cycles of the past few hundred thousand years, while involving significant changes in pCO 2 , because the time-scale is much slower than current human disturbance and ocean chemistry is buffered by sedimentary CaCO 3 will involve significant changes in bicarbonate. Hence, acid/base addition could be viewed as "closer" to glacial-interglacial changes in ocean chemistry as opposed to contemporary fossil fuel invasion, although strictly speaking, because the glacial-interglacial cycles also involved an important component of emission (glacial) and removal (interglacial) of CO 2 to the terrestrial biosphere (Kohfeld and Ridgwell, 2009 ) they represent a combination of bubbling and acid/base change.
An analogy between the net ecosystem calcification response to ocean acidification and the "Eppley curve" for growth rate with changing temperature is consistent with: monoclonal laboratory observations of preferential growth rate suppression in more heavily calcified species (IglesiasRodriguez et al., 2008a) , transitions from more to less heavily calcified morphotypes across saturation gradients in the ocean (Cubillos et al., 2007) , and a greater net calcification response in natural plankton assemblages relative to monospecific cultures (Ridgwell et al., 2007b) . Although the evidence for individual species exhibiting calcification "optima" is limited, as a thought experiment, this may prove useful in helping bridge the gap between experimental manipulations and global models and improve model predictions of future fossil fuel CO 2 uptake. A closer analogy may even exist mediated via growth impacts of carbonate chemistry changes. A similar conceptual approach might also prove fruitful in addressing the ocean acidification impacts on the other major pelagic carbonate producers -foraminifers.
Regardless of the form and sensitivity of the calcification parameterization, it should be recognized that the direct impact of calcification changes on atmospheric CO 2 through the remainder of this century is relatively small compared to anticipated annual emissions as well as to other carbon cycle feedbacks. For instance, yearly emissions of CO 2 from the burning of fossil fuels and cement production averaged some 7.2 ± 0.3 PgC yr −1 over 2000 -2005 (Denman et al., 2007 this is of comparable magnitude to the entire 100-year integrated impact of reduced calcification of ∼6-23 PgC. The predicted year 2100 repartitioning of CO 2 from atmosphere to ocean due to reduced calcification is also dwarfed by the anthropogenic CO 2 inventories of the ocean and atmosphere, which even in 1994 stood at 118 and 165 PgC, respectively (Sabine et al., 2004) , as well as by the importance of feedbacks such as between temperature and CO 2 solubility. Hence, future research should progressively shift towards understanding ecosystem level changes and impacts as well as reducing the currently unreasonably large uncertainty in the initial (modern) state and operation of marine carbon cycling, particularly with respect to the global CaCO 3 budget and the mechanisms by which particulate organic matter is transported to the deep sea.
